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ABSTRACT 

Context. Individual stars in dwarf spheroidal galaxies around the Milky Way Galaxy have been studied both photometrically and 
spectroscopically. Extremely metal-poor stars among them are very valuable because they should record the early enrichment in 
the Local Group. However, our understanding of these stars is very limited because detailed chemical abundance measurements are 
needed from high resolution spectroscopy. 

Aims. To constrain the formation and chemical evolution of dwarf galaxies, metallicity and chemical composition of extremely metal- 
poor stars are investigated. 

Methods. Chemical abundances of six extremely metal-poor ([Fe/H]< -2.5) stars in the Sextans dwarf spheroidal galaxy are deter- 
mined based on high resolution spectroscopy (R = 40, 000) with the Subaru Telescope High Dispersion Spectrograph. 
Results. (1) The Fe abundances derived from the high resolution spectra are in good agreement with the metallicity estimated from 
the Ca triplet lines in low resolution spectra. The lack of stars with [Fe/H]< -3 in Sextans, found by previous estimates from the 
Ca triplet, is confirmed by our measurements, although we note that high resolution spectroscopy for a larger sample of stars will 
be necessary to estimate the true fraction of stars with such low metallicity. (2) While one object shows an overabundance of Mg 
(similar to Galactic halo stars), the Mg/Fe ratios of the remaining five stars are similar to the solar value. This is the first time that low 
Mg/Fe ratios at such low metallicities have been found in a dwarf spheroidal galaxy. No evidence for over-abundances of Ca and Ti 
are found in these five stars, though the measurements for these elements are less certain. Possible mechanisms to produce low Mg/Fe 
ratios, with respect to that of Galactic halo stars, are discussed. (3) Ba is under-abundant in four objects, while the remaining two stars 
exhibit large and moderate excesses of this element. The abundance distribution of Ba in this galaxy is similar to that in the Galactic 
halo, indicating that the enrichment of heavy elements, probably by the r-process, started at metallicities [Fe/H] < -2.5, as found in 
the Galactic halo. 

Key words, nuclear reactions, nucleosynthesis, abundances - galaxies: abundances - galaxies: dwarf - galaxies: individual(Sextans) 
- stars: abundances 



1. Introduction 



The Local Group includes a number of dwarf galaxies that have 

* Based on data collected at Subaru Telescope, which is operated by been evolving while interacting with the giant spiral galaxies, 
the National Astronomical Observatory of Japan. the Milky Way and M3 1 . Among these dwarf galaxies, the 
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dwarf spheroidals contain little gas and dust, and are quiescent 
at present. They are located close to the giant spirals, compared 
to gas-rich dwarf irregulars, providing a unique opportunity to 
study these galaxies in detail, based on photometry and spec- 
troscopy of individual stars. 

Previous high resolution spectros copic studies of bright red 
giants in several dwarf spheroidals dShetrone et al. ll200Tl [2 003) 
revealed that the abundance ratios between a-elements and Fe- 
peak elements (e.g., Mg/Fe) decreases with increasing metallic- 
ity even in metal-poor stars (-2 <[Fe/H]< -lfl This is quite 
different from the trend found in the Galactic halo, where metal 
poor stars show an almost constant enhancement in the afFe ra- 
tio, with only a few exceptions having significantly higher or 
lower values. Moreover, the trend in the c/Fe ratios, as a func- 
tion of metallicity, varies between the individual dwarf galax- 
ies as well. Differences of abundance ratios are also seen in 
neutron-capture elements (e.g. Ba/Fe, Ba/Y) betwe en stars in 
dwarf spheroidal galaxies and those in field stars IVenn et all 
(e.g., [2004b . 

Another difference found between dwarf spheroidals and the 
Galactic halo is the meta llicity distribution, in particular that 
of the low metallicity end. iHelmi et"aT] d2006l) showed the defi- 
ciency of stars with [Fe/H]< -3 in four dwarf spheroidals based 
on the measurements of the Ca II triplet in low resolution spec- 
tra obtained with the VLT/FLAMES. This difference, as well 
as the difference in the a/Fe ratios, suggests that these dwarf 
spheroidals are not the direct relics of the building blocks of the 
Galactic halo. However, the metall icity distribu t ion in the ex- 
tremely low metallicity stars from Helmi et al. (2006) require 
confirmation from high resolution spectroscopy. This is because 
the metallicities determined from the Ca triplet method have 
only been calibrated for stars with [Fe/H]> -2.5, i.e., the metal- 
licities of globular c luster stars used in the calibration. Recently, 
Battaglia et al. (2008) confirmed that the metallicity from the 
Ca triplet is in good agreement with the Fe abundances based 
on high resolution spectra for the 129 stars in the Sculptor and 
Fornax dwarf spheroidal galaxies, however those metallicities 
were still [Fe/H]> -2.5, thus further studies of lower metallicity 
stars are required. 

Observational studies of extremely metal-poor ([Fe/H]< 
-2.5) stars in dwarf spheroidal galaxies based on high res- 
olution spectroscopy are still very limited. Detailed chemi- 
cal abundance analyses have been published for only three 
red giants in three galaxie s to da t e (Sextans, Draco and Ursa 
Minor) by IShetrone et al71 d200ll) . iFulbright et all d2004l) and 
Sada kane et alj d2004l) . These three stars show quite interest- 
ing abundance patterns, e.g., a deficiency of Na and neutron- 
capture elements. However, since only one object has been stud- 
ied in each galaxy, then the early chemical enrichment of dwarf 
spheroidals is still far from conclusive. 

Quite recently, extremely metal-poor stars have been found 
in ultra -faint dwarf galax i es, which have bee n discovered with 
SDSS dKirbv etalJ 120081 iNorris et alJ l2008h . High resolution 
spect roscopy has been also made for sever al stars in these galax- 
ies dKoch et al.ll2008t iFrebel et al.ll2009l) . Comparisons of ex- 
tremely metal-poor stars in classical dwarf spheroidals and those 
in ultra-faint dwarf galaxies are useful for understanding of their 
formation and evolution. 

To investigate the chemical nature of the lowest metallicity 
stars in dwarf galaxies, we have gathered high resolution spectra 
of individual stars in dwarf galaxies using the Subaru Telescope 



and VLT. In this paper, we report on the chemical composition 
of six extremely metal-poor stars in the Sextans dwarf spheroidal 
galaxy from o bservations taken wi th the Subaru High Dispersion 
Spectrograph. Hel mi et all (120061) suggest that this galaxy in- 
cludes a relatively large number of stars with [Fe/H] < -2.5. 
The analysis presented here provides Fe abundances to exam- 
ine the calibration of the metallicity from the Ca triplet in more 
metal-poor stars, as well as new abundance ratios of a-elements, 
other Fe-peak elements, and neutron-capture elements. 



2. Observation and Measurements 

2.1. Sample Selection and Photometric Data 

We selected stars whose metallicity ([ F e/HD was estimated 
to be lower than -2.5 by IHelmi et aLl d2006l) based on the 
VLT/FLAMES low resolution spectroscopy for the Ca triplet re- 
gion. The list of objects with their coordinates is given in TableQ] 
The table includes the two stars S 10-12 and S 11-36, which 
were not analyzed in the present work, because the former has 
only very broad absorption features with a systemic velocity 
close to km s _1 , and the latter is a carbon-rich starQ 

The optical photometry for the central regions was taken 
with the WFC on the Isaac Newton Telescope on La Palma and 
for the outer regions with WFI on the ESO/2.2m telescope on La 
Silla, while the near-infrared JHK observations were all taken 
with W FCAM on UKIRT on M auna Kea as part of the UKIDSS 
surveys dLawrence et al.ll2~007l) . Optical data were processed and 
calibrated using variants of the data reduction pipeline developed 
for the INT Wide Field SurveyEI and the near-infrared JHK data 
was processed using the VDFS pipeline developed for WFCAM 
and VISTA surveys (see Irwin & Lewis 2001; and Irwin et al. 
2004 for general details of the pipeline products and procedures). 
The optical data in the instrumental V and i passbands was con- 
verted to V and / on the standard Johnson-Cousins system us- 
ing previously derived color equations for these camera systems. 
Near-infrared calibration of WFCAM data is bas ed on 2MASS 
and is on the MKO system dHodgkin et al.ll2009l) . Photometric 
data for V, I and K are listed in Table [2] and have typical errors 
of 0.01-0.02 magnitudes for V and /, and 0.02-0.03 magnitudes 
for K. The foreground redde ning of E(B - V) — .038 is esti- 
mated from the dust maps of ISchlegel etail (U998). The value 



agrees with the estimate of reddening listed by Mated (Q998): 
E(B — V) = 0.03 + 0.01. The extinction in each photomet- 
ric band is derived using the reddening relations in Table 6 of 
ISchlegel et al.l(ll998l) . 

The extremely metal-poor, halo red giant, HD 88609 was 
observed as a comparison star. Its optical photometric data 



1 [A/B] = \og(N A /N B ) - log^/AWo, and log e A = \og(N A /N H ) + 12 
for elements A and B. 



2 Although the data quality is insufficient for the present purpose, our 
analysis of the spectrum of S 1 1-36 indicates that this star is extremely 
metal-poor ([Fe/H]=-2.9 ± 0.3) and carbon-rich ([C/Fe]=+1.9 ± 0.3). 
The effective temperature of 4500 K is estimated from the V - K color, 
while logg = 1.0 and v m j clo =2.3 km s have been assumed in the anal- 
ysis based on the typical values we found for the Sextans giants (see 
§ 3 for the details of our analysis technique). The carbon abundance is 
estimated from the C? Swan band at 5165 A. Ba shows some excess 
([Ba/Fe]= +0.8). Such a moderate excess of Ba is found in carbon- 
enhanced extremely metal-poor stars in the Galactic halo (e.g. Aoki et 
al. 2007a), and suggests that the origin of the carbon-excess is in the 
nucleosynthesis of an AGB star. However, given the fact that the non- 
carbon-rich star S 15-19 in the Sextans dwarf galaxy also shows a mod- 
erate excess of Ba (§ 3), the origins of the carbon and Ba in S 1 1-36 are 
not definitively determined. 

3 http://www.ast.cam.ac.uk/ wfcsur/ 
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were taken from Carney ( 1983), an d the K magnitude from the 
2MASS catalogue (Skr utskieet al .1120061) . The V - I color in 
Table[2]fo r HP 88609 is transformed from the Johnson / magni- 
tude from lCarnevI (fl983) to the Kron-Cousins system. 



2.2. High Resolution Spectroscopy 

High resolution spectra of extremely metal-poor star candi- 
dates in Sextans were obtained with the Subaru Telescope High 
Dispersion Spectrograph (HDS, Noguchi et al. 2002) in May 
2005 and January 2007. The spectra cover 4400-7100 A with 
a resolving power of 40,000. The exposure time and the signal- 
to-noise (S/N) ratios per 1.8 kirT 1 pixel at 5180 A are given in 
TableQ] The seeing conditions varied from 0.6 to 1.4 arcsec dur- 
ing the January 2007 run, and 0.6 to 1 . 1 arcsec during the May 
2005 observations. 

Standard data reduction procedures were carried out with 
the IRAF echelle packag^- Cosm ic ray strikes were removed 
using the procedures described by lAoki et al. I d2005l) . The sky 
background is significant in some cases because those obser- 
vations were made close to the full moon. We attempted to 
estimate the sky background for each exposure, and excluded 
those exposures where the background dominates the object's 
light, or when the estimate is uncertain due to the poor seeing 
conditions. The sky background was removed in the remaining 
frames. Individual spectra were combined after the wavelength 
calibration. The quality of the sky subtraction was examined 
around the Mg I b lines (5160-5190 A), where the broad triplet 
features of the solar spectrum can be seen if the sky subtraction 
is not sufficient. The exposure times and S/N ratios in Table Q] 
represent the final spectra, after the selection of exposures and 
the sky subtraction. 



3. Chemical Abundance Analyses 

3.1. Stellar parameters 

The effective temperature (T e ff) is estimated from the (V - K)q 
and (V - I)p color indicies using the temperature scale of 
lAlonso. Arribas. Martmez-Rogerl d 1999b . We assumed [Fe/H]= 
-3.0 for the calculation. The T e g results for HD 88609 from 
the two colors agree very well, however T e ff from V — I for the 
Sextans objects is systematically higher by 150 K, on average, 
than that from V — K. This discrepancy is not explained by a 
small increase in the reddening correction. Although the reason 
for this discrepancy is unclear, the values from the V - K are 
adopted in this analysis. Our estimated uncertainty in the effec- 
tive temperatures is +150 K. 

Other stellar parameters are determined through the standard 
LTE analysis of the Fe I and Fe II lines, using the model atmo- 
spheres from lKurucz I d!993l) . We adopted the grid of models cal- 
culated with the new opacity distribution functions a nd assum- 
ing no convective overshoot (ICastelli & Kuruczl l2003). The mi- 
croturbulence (v m j cro ) and gravity (g in cgs unit) are determined 
such that the Fe abundance is not dependent on the strengths of 
Fe I lines, nor on the ionization state, respectively. The range in 
log g values is 0.6 to 1 .4. Using the true distan ce modulus o f (m- 
M) Q = 19.67 for the Sextans dwarf spheroidal dMateoll 19981) . the 
range in My of our objects is -1.7 and -2.2, which corresponds 
to 1.0 < logg < 1.3 i f the Y2 isochro nes for extremely metal- 
poor stars are adopted dKim et al.l20 02). Thus, the spectroscopic 
gravity from the Fe lines agrees well with the gravity estimates 
from the color-magnitude diagram, and the remaining scatter is 
most likely due to errors in the Fe line analysis. The v m j clo values 
in our sample range from 2.2 to 2.7 km s _1 , which are typical of 
the values found for evolved red giants in the Galactic halo (e.g., 
Mc William et al. 1995). 



2.3. Measurements of Equivalent Widths and Radial 
Velocities 

We adopted the line list compiled by Aoki et al. (2009, in prepa- 
ration) for studies of extremely metal-poor stars in the Galactic 
halo. Equivalent widths for isolated absorption lines are mea- 
sured by fitting Gaussian profiles. This technique could underes- 
timate the equivalent widths for Na I D lines and Mg I b lines, 
which are the strongest among the lines studied here. However, 
we applied the spectrum sysnthesis for these lines and found that 
the wing component of these lines is not evident in our stars at 
the resolution and S/N of our spectra. 

The radial velocity of each object is measured from clean 
Fe lines through the above Gaussian fitting procedure. The he- 
liocentric radial velocity is given in Table Q] The random error 
of the measurement given in the table is estimated as o- v N~ 1 ^ 2 , 
where cr v is the standard deviation of the values derived from in- 
dividual spectral lines and N is the number of lines used. The 
results agree well with the Ca triplet measurements from the 
VLT/FLAMES data. The only exception is S 12-28, where our 
result is 14 km s _1 smaller than that from the Ca triplet lines. 
This disagreement is within the 3<x measurement error on the Ca 
triplet lines, therefore further measurements are required before 
concluding that this star belongs to a binary system. 



4 IRAF is distributed by the National Optical Astronomy 
Observatories, which is operated by the Association of Universities 
for Research in Astronomy, Inc. under cooperative agreement with the 
National Science Foundation. 



3.2. Na to Fe-peak elements 

To compare the chem ical abundance results with previous DART 
studies, in particular IShetrone et al. I ([2003), analyses using the 
same line lists would be ideal. However, the metallicity of our 
objects is significantly lower than the stars previously studied, 
therefore our analyses are limited to only a small number of 
lines in common and those have comparatively large oscillator 
strengths. The line list used in this work is given in Table[3]with 
equivalent widths for the Sextans stars a nd the comparison star . 
We found 26 Fe I lines in common with lShetrone et aL~l (|2003 ), 
among which the logg/ values of 18 lines agree well; the other 
8 lines show differences of 0.05-0.19 dex, but these are not sys- 
tematic. 

Amongst the other speci es, the numbers of a bsorption lines 
commonly used here and bv lShetrone et al. I d2003l) include four 
lines of Fe II, three of Mg I, two of Na I, Ca I, Ti II and Ba 
II, and one of Ti I, Cr I, and Ni I. The log gf values of thre e 
of the four Fe II lines, which are origin ally from | Moitvl ( 1983 ), 



differ by 0.10-0.25 dex from those of IShetrone etal.l d2003), 
but again these differences are not systematic. Our log gf val- 
ues f or the two Mg I line s at 5172 and 5183 A, originally 
from lAldenius et al. I (120071) . are 0.06-0.07 dex lower than in 



IShetrone etaTI d2003l) . For the Ba II 5853 A line, ou r log gf 
value is 0.10 dex higher than in S hetrone et al. I d2003l) . These 
atomic data differences will cause only small differences in the 
final abundances between the two studies, smaller than the mea- 
surement errors. The log gf values for two of the Ti II lines in 
this analysis are lower by about 0.25 dex compared to those 
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in IShetrone et al. I ( 20031). The atomic data of m ost of the Ti II 
lines a re from iRvabchikova et all ( I 1994b and/or [Pickering et al.l 
(1200 11) . and when lines are in common between these two stud- 
ies, the atomic data values agree very well. We determined the 
Ti abundances using our line list with no modification. 

The iron abundances are determined from 42-61 Fe I and 
2-7 Fe II lines. The number of lines used in the analysis is de- 
pendent on the strengths of lines and the S/N ratio of the spec- 
trum. For instance, the numbers of Fe II lines used are only 
two and three for S 15-19 (having the lowest metallicity) and 
S 14-98 (having the lowest S/N ratio), respectively. The de- 
rived iron abundances range from [Fe/H] = -3.10 to -2.66, 
confirming that these stars are extremely metal-poor. The iron 
abundance of the comparison star HD 88609 is [Fe/H]= -2.92, 
which is in good agreement with prev iously published values 
dFulbright et al.ll200llHonda et alJl2007h . 

The Mg abundances are determined from 3—4 of the four Mg 
I lines (A4571, 5172, 5183, and 5528). Examples of the Mg I 
/15528 absorption lines are shown in FigureQ] along with exam- 
ples of Fe I, Sc II, and Ba II lines. The agreement in the abun- 
dances derived from the individual Mg I lines in fairly good 
agreement for each object: the standard deviation in the Mg 
abundances is less than 0. 1 dex in most cases. We note that only 
two Mg I lines at 5172 and 5183 A were used in the analysis 
of S 14-98 because of the low S/N ratio of the spectrum. The 
Mg/Fe ratios are shown in Figure [2] The Mg/Fe ratios for 5 out 
of 6 of our objects are, surprisingly, as low as the solar value, 
i.e., lower than the typical values found in the Galactic halo stars 
by 0.3-0.4 dex0 The exception is S 15-19, with [Mg/Fe] =0.4. 
The [Mg/Fe] ratio of the comparison star HD 88609 is in good 
agreement with previous studies and with the typical metal-poor 
Galactic halo star (= 0.4). 

The difference in the Mg/Fe ratio between S 15-19 and other 
stars in Sextans is confirmed by comparing the spectral fea- 
tures in Figure Q] Comparisons are made for S 11-37, S 12- 
28, and S 15-19, which have similar atmospheric parameters 
(T e s~ 4600 K and \ogg~ 1.3). Synthetic spectra calculated for 
the derived Mg, Sc, Fe and Ba abundances (Table |4]i are also 
shown in the figure. The strength of the Mg I absorption lines at 
5528 A are similar between S 12-28 and S 15-19, while that of 
S 1 1-37 is slightly weaker. In contrast, the Fe I lines at 5501 and 
5507 A of S 15-19 are weaker than those of the other stars. As a 
result, the Fe abundance of S 15-19 is the lowest, and its Mg/Fe 
ratio is the highest. The Mg/Fe ratios are discussed in detail in 

§a 

The Ca abundances are derived from 2-5 Ca I lines, in- 
cluding the /16122 and 6162 features that are detected in all of 
our Sextans stars. The [Ca/Fe] and [Mg/Ca] ratios are shown in 
Figure[3] Low Ca/Fe ratios are found for objects with low Mg/Fe 
values. The only exception is S 14-98, which shows a high Ca/Fe 
ratio ([Ca/Fe]=+0.27), but from the lowest S/N ratio spectrum, 
thus it has the largest abundance uncertainty. The [Mg/Ca] val- 
ues of our sample are solar (~ 0.0), again with S 14-98 as the only 
exception probably due to its larger observational errors (Fig. [3]). 



5 The Mg/Fe ratios of extremely metal-poor red giants i n the Galactic 
halo a re shown in Fig ure[2] These values are adopted from lCavrel et al. I 
d2004h. iHonda e t al. (2004) and lAoki et all d2005l) . As discussed by 
Aoki et al. I ( 120051) . the re is a smal l syste matic differences in the 
[Mg/Fe] values between fCavrel et al. I d2004l) and the other two papers: 
over the metallicity range of -3.2 <[Fe/H]< -2. 5, which is that stud - 
ied here, the avera ge of the [Mg/Fe] = + 0.30 inlCavrel et al.l d2004h . 
while it is +0.42 in lptonda e t al. ( 2004) and lAoki et al. I d2005h We note 
that the remarkably Mg-enhanced ( [Mg/Fe] = + 1 .25 ) starBS 16934-00 5 
dAoki et al.ll2007bl) is excluded from the sample of lAoki et a l. ( 2005). 



The Na abundances are determined from the Na I D lines. 
The strength of these lines are similar in most objects, and the 
derived Na/Fe ratios agree with the solar value within the mea- 
surement errors. The exception is S 10-14, which shows weaker 
absorption lines. A large non-LTE effect on the D line absorption 
is predicted for stars in this atmospheric parameter range. The 
non-LTE corrections to the Na abundance derive d from the D 
lines with W — 150 mA in red giants is ~ -0.5 dex (Taked aet alj 
120031: 1 Andrievskv et alj|2007l) . This correction is not included in 
our results. Since the effect is essentially systematic, this cannot 
be the source of the difference of the Na abundances in S 10-14 
and that of the other stars in our Sextans sample. 

Figure [4] shows the [Na/Fe] and [Na/Mg] ratios for the 
Sextans sample and Galactic stars. Most stars have had their Na 
abundances determined from an LTE analysis of their D lines. 
The Na abundances of the five objects in our sample have abun- 
dances similar to Galactic halo stars ([Na/Fe]~ 0.0). The only 
exception is S 10-14, with an exceptionally low Na abundance. 
On the other hand, the plot of Na/Mg ratio shows a continuous 
distribution from [Na/Fe] = -0.6 to +0.1. 

Cr is under-abundant in all objects, as found for Galactic halo 
red giants. The abundances are determined from the Cr I lines at 
5206 and 5208 A. A dependence of the derived Cr abundance on 
the stellar type (giant or dwarf) and on the s pecies used in th e 
analysis (Cr I or II) was recently discussed by lLai et"ai] (|2008). 
Hence, we do not discuss the [Cr/Fe] values, other than to note 
that our Cr abundances are in good agreement with those of sim- 
ilar red giants in the Galactic halo. 



3.3. The neutron-capture element Ba 

The Ba abundance is determined from the three Ba II lines at 
4934, 5853, and 6141 A. The resonance line at 4554 A is not 
used because it is affected by a bad column on the CCD detec- 
tor. The effects of hyperfine splitting and isotope shifts are in- 
cluded in the calculation, assuming the Ba isotopic ratio of the 
r-process component of solar-system material. The Ba/Fe abun- 
dance ratios are shown in Figure [5] 

Four of the Sextans stars are significantly under-abundant in 
barium ([Ba/Fe]~ -1.3), with abundance ratios in very good 
agreement with each other. In contrast, S 15-19 shows a large 
excess ([Ba/Fe]= +0.5) and S 12-28 shows a moderate excess 
([Ba/Fe]= -0.3), with respect to the other four stars. These large 
differences are clearly seen in the strength of the Ba II /16141 
alone, as shown in Figure Q] 

To constrain the origin of the Ba excess in S 15- 19, a mea- 
surement of Eu abundance would be helpful, however no Eu line 
is detected in our spectrum of this object. The upper limit esti- 
mated from the Eu II 6645 A line is [Eu/Fe]< +1.6. This yields 
a lower limit of [Ba/Eu]> -1.1, which does not exclude the s- 
process nor the r-process as the origin of the Ba excess. 

Another constraint might be the carbon abundance, because 
stars showing large excesses of s-process elements usually show 
a carbon excess. An upper limit to the carbon abundance in S 15- 
19 can be estimated from the C2 Swan 0-0 band at 5165 A, as 
[C/Fe] < +1.6. Hence, this star is not extremely carbon-rich. 
However, taking into account the decrease in carbon expected 
during the evolution of a red giant, as is found in Galactic halo 
stars (e.g. Spite et al. 2005, Aoki et al. 2007a), then this upper 
limit does not exclude the possibility of contamination in the s- 
process abundances through mass transfer from an AGB star. 
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3.4. Uncertainties 

Random errors in our abundance measurements from equivalent- 
widths are estimated to be crN^ 1 ^ 2 , where cr is the standard de- 
viation in the abundances derived for individual lines and N is 
the number of lines used in the analysis. When the number of 
lines is smaller than three, the standard deviation in the Fe I 
lines (<x Fe ) is adopted. The random errors are less than 0. 1 dex 
for the iron abundance from Fe I lines, while typical values for 
other species are 0. 1-0.2 dex. The random errors for S 14-98 are 
slightly larger due to the low S/N ratio of its spectrum. 

To estimate the abundance errors due to the uncertainties 
in the atmospheric parameters, we examine the comparison star 
HD 88609, as shown in Table[5] The results show the abundance 
changes in log e (Fe) for Fe I and II, and those in [X/Fe] for other 
species. Total uncertainties are obtained by adding these values, 
in quadrature, to the random errors, and are listed in Table |4] 
The dominant abundance errors are due to the uncertainty in the 
effective temperatures in the total error of [Fe/H], while random 
errors are important for [X/Fe], in particular when the number of 
lines used in the analysis is small. 



4. Discussion and concluding remarks 

4. 1 . Metallicity distribution 

Our analysis of the high resolution spectra of six extremely 
metal-poor star candidates in the Sextans dwarf galaxy confirms 
that these stars are extremely metal-poor, with [Fe/H] between 
-2.6 and —3.1. Previously, only three stars with such low metal- 
licities, as confirmed by high resolution spectral analyses, were 



known in dwarf spheroidal galaxies: Draco 1 19 (Shetrone et al. 
200lt lFulbright et alj200ll). Ursa Minor COS 4 Jsadakane et a! 



2004), and Sextans S49 dShetrone et aTlbOOll) . Therefore, this 
analysis provides the chemical composition for the largest sam- 
ple of extremely metal-poor stars in dwarf galaxies to date. 

Our results have confirmed the low metallicities determined 
for these stars from the VLT/FLAMES Ca triplet measurements 
dHelmi et alj|200 6). However, Table [6] shows that the Fe abun- 
dances that we derive are in fact slightly lower than those from 
the Ca triplet estimates (also see Fig. [6). The agreement is fairly 
good for SI 0-1 4, while the difference is significant for SI 5- 19. 
The average difference is 0.22 dex. This discrepancy is within 
the uncertainties in our T e s scale, however it could also be an 
effect of the lack of calibrating clusters at these metallicities of 
the Ca triplet method. 

The new calibration of metallicity from the Ca triplet lines 
bv lBattaglia et al.l d2008) (see § 1) results in a better agreement 
of the Fe abundance with that from our high resolution spectral 
analysis. Table [6] al so gives the m etallicity estimated from the 
calibration of Battaglia et al. (2008]) for ou r sample. These Fe 
values are systematically lower than those of lHelmi et al.l ([2006) 
by 0.15 dex, in excellent agreement with our results. The excep- 
tion is S 15-19 ([Fe/H]= -3.1 from the high resolution spec- 
trum), for which a large discrepancy still remains. The metal- 
licity ^an£e_of_[Fe/H]< -2.8 is not covered by the calibration 
of Battagl ia et alj (|2008) either. High resolution spectroscopy is 
still required to obtain reliable metallicities for individual stars 
in this metallicity range at present. However, our results indicate 
that stars having [Fe/H]< -3 ar e indeed deficient in the Sextans 
dwarf spheroidal as discussed by Helm i et all d2006l) . though this 
should be confirmed by future studies for a larger sample. 

Quite recently, iKirbv et all d2008l) reported the metallic- 
ity distribution for eight ultra-faint dwarf spheroidals around 



the Galaxy. The low metallicity tail derived in their analysis, 
based on medium resolution spectra of the Fe lines near the 
Ca triplet lines, is similar to that of the Galactic halo, rather 
than to the classical dwarf spheroidals studied by iHelmi etldl 
d2006l) . including Sextans. The existence of stars with [Fe/H] 
< -3 was confirmed fro m a high resolution spectral analy- 
ses by iFrebel et al.l d2009l) for stars in the t wo ultra-faint dwarf 
galaxies, Ursa Major II and Coma Berenices. IKirbv et al.l (f2008) 
have suggested that the difference in the low metallicity tail of 
the metallicity distribution functions between the two classes of 
dwarf galaxies is real, and that the ultra-faint dwarf spheroidals 
might be remnants of the building blocks of the Galactic halo. 
It is likely that the classical dwarf galaxies, like Sextans, al- 
ready are showing chemical enrichment due to its star forma- 
tion and chemical evolution history. Therefore, differences in the 
metallicity distributions, as well as detailed chemical composi- 
tion, found for individual classical dwarf spheroidals could be 
the result of their own independent evolutionary histories. For 
example, the classical dwarf galaxies may have had gas infall 
to explain the shortage of extremely metal-poor stars, similar to 
one likely solution for the G-dwa rf problem in the solar neigh- 
bourhood dPagel& Patchettll 19751) . 

We emphasize again that, although the metallicity distribu- 
tions of both ultra-faint and classical dwarf spheroidals have 
been explored by recent studies including the present work, fur- 
ther measurements of extremely metal-poor stars with high res- 
olution spectroscopy are required to accurately determine the 
fraction of lowest metallicity ([Fe/H]< -3) stars. 

4.2. a/Fe ratios 

The most surprising result of our study is the low Mg/Fe ra- 
tios ( [Mg/Fe] ~ 0.0) found in five stars with respect to stars in 
the Galactic halo. The Ca/Fe ratios are also low in these ob- 
jects, indicating that the abundance ratios between a-elements 
and iron in most of the extremely metal-poor stars in this dwarf 
galaxy are lower than those found in Galactic halo stars. The 
a/Fe ratios of extremel y metal-poor stars in the ultra-faint dwarf 
spheroidals studied by IFrebel et all (120091) are as high as those 
found in the bulk of Galactic halo stars. Therefore, the dwarf 
spheroidal Sextans does appear to have had a different chemical 
evolution compared to the ultra-faint dwarfs, whether we exam- 
ine abundance ratios or the metallicity distribution. 

Low Mg/Fe ratios are found in some globular cluster stars. 
Measurements of th e Mg iso t opic ab undances from MgH ab- 
sorption features by Shetrone (1996b) revealed that several red 
giants in Ml 3 have low 24 Mg abundances, resulting in low 
Mg/Fe ratios. However, globular cluster stars with low Mg 
also show overabundances of Al and Na (e.g. Shetrone 1996a; 
see also Kraft 1994 for more on the Na-O anti-correlation). 
Unfortunately, Al abundances are not available in our Sextans 
sample, and measurements of the Mg isotope ratios are almost 
impossible because of the weakness of MgH features. Future 
measurements of Al abundances from blue spectra will be use- 
ful to constrain the possible effect of the MgAl chain. However, 
since the Sextans stars are not overabundant in Na, we do not 
expect such abundance anomalies in this dwarf galaxy. 

Low a/Fe ratios are also found in dwarf galaxy stars at higher 
metallicity ([Fe/H]> -2). For instance, [c/Fe] ratios of stars 
in the Sculptor dwarf galaxy show a decreasing trend with in- 
creasing metallicity ([Fe/H]> -2) and reach [o'/Fe]~ -0.3 at 
[Fe/H]= -1 (e.g., ?). Several scenarios have been proposed to 
explain such low Mg/Fe ratios, or their decreasing trend with in- 
creasing metallicity, in dwarf galaxy stars. One idea is the con- 
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tribution of type la supernovae, which provide a large amount 
of iron, to metal-poor stars in dwarf galaxies. If a low star for- 
mation rate is assumed for dwarf galaxies, with respect to the 
Galactic halo and thick disk, the effects of Type la supernovae 
could appear at lower metallicity. A similar result is expected if 
one assumes that the material enriched by supernova ejecta is 
lost from dwarf galaxies by some mechanism (e.g. interaction 
with the Galaxy). 

The low Mg/Fe ratios in extremely metal-poor stars found 
in the present study are not likely to be explained by contribu- 
tions from Type la supernovae. The chemical abundance pattern 
of stars with such very low metallicity is expected to represent 
one or only a few nucleosynthesis events. Given the long time- 
scale of the Type la supernovae estimated from chemical evo- 
lution models (> 0.5 billion years: e.g., Yoshii et al. 1996) and 
the low Type la su pernova rate at low me tallicity predicted by 
model calculations (Kobavas hi et all l998). then large contribu- 
tions of this type of supernovae to extremely metal-poor stars in 
Sextans are not expected (even though the progenitors and nature 
of Type la supernovae are still controversial). This is supported 
by the low Ba abundances in the low Mg/Fe stars, indicating 
no significant contributions from intermediate-mass AGB stars 
that yield neutron-capture elements via the s-process. The time- 
scale of enrichment from intermediate mass stars is similar to, 
or shorter than, that from Type la supernovae. Hence, our con- 
clusion is that the low Mg/Fe abundances of five out of the six 
stars studied here are not a result of contributions from Type la 
supernovae. 

The low Mg/Fe ratios could be due to Type II supernovae 
instead, those that yield a smaller amount of a-elements in 
this galaxy. For example, model calculations of massive star 
evolution and supernova nucleosynthesis predict that less mas- 
sive stars (e.g. ~10 M Q ) produce lower Mg/Fe ratios (e.g., 
IWooslev & Weaveril 19951) . Either the upper IMF is truncated, or 
perhaps the Type II supernovae ejecta from the highest masses 
is lost from the galaxy at early times. It should be noted that the 
existence of stars with high Mg/Fe (SI 5- 19 in our sample, and 
S49 in Shetrone et al. 2001) suggests some range in the masses 
of Type II supernovae progenitors in this galaxy. 

Whatever processes are responsible for the low a/Fe ra- 
tios in the majority of our Sextans stars, these abundance ra- 
tios are clearly different from the majority of Galactic halo stars 
of the same metallicity. This result implies that classical dwarf 
spheroidal galaxies like Sextans do not resemble the building 
blocks of the main part of the Galactic halo, supporting the 
conclusion derived from the metallicity distribution functions. 
It should be noted, however, that a small number of extremely 
metal-poor stars in the Galactic halo also show low a/Fe ra- 
tios (e.g. McWilliam et al. 1995). These stars might have their 
origins in classical dwarf spheroidals that merged during some 
later phase of the Galactic halo formation. Further searches for 
low a/Fe stars in the Galactic halo and detailed studies of their 
kinematics would help to address this question. 

4.3. Enrichment of neutron-capture elements 

The Ba is under-abundant in five extremely metal-poor stars 
in Sex tans, including S49 that was studied by Shet rone et al. I 
(2001). The Ba/Fe ratios of these stars are similar to that of 
HD 88609, which represents stars in the Galactic halo that are 
not strongly enriched by the r-process. In contrast, the remain- 
ing two extremely metal-poor stars in our sample show large and 
moderate excesses of this element. 



Measurements of heavy neutron-capture elements for 
Galactic halo star s have revealed a rapid increase around 
at [Fe/H1~ -3 dMc William et al.1 119951: iHonda et all 12004 
lAoki et al. ||200H iFrancois et alJl2007h .lTie reason for this in- 
crease, in a very narrow range of metallicity, is unclear, but it 
does provide a strong constraint on the astrophysical site(s) of 
the r-process (e.g. Truran et al. 2002). One interpretation for 
the Ba enrichment at this metallicity is that the progenitors of 
core-collapse supernovae in which the r-process takes place are 
less massive stars (~ 1OM ), thus they only start to contribute at 
[Fe/H]= -3. It is interesting that a similar enrichment pattern of 
Ba is found in the Sextans sample. The origin of the Ba excesses 
in the two Ba-enhanced stars could then be due to the r-process. 
If so, then this could have an impact on our understanding of the 
r-process, in general, since the star formation histories are ex- 
pected to have been quite different between the Galactic halo and 
the classical dwarf galaxies. For example, perhaps the progeni- 
tor mass is not the critical condition for the r-process, but instead 
the metallicity is the key to the r-process events. To confirm this 
hypothesis, measurements of other neutron-capture elements for 
the Ba-enhanced star S15-19 would be extremely helpful. 

The high Ba abunda nces in the three Sextans stars at [Fe/H]~ 
-2 dShetrone et al. 1 12001 ) might be explained by a large contri- 
bution of the r-process with respect to Fe enrichment by Type 
II and/or Type la supernovae. H owever, the Ba/Nd ratios mea- 
sured bv lShetrone etaTl dlool ([Ba/Nd]= -0.13 to +0.01) are 
between the values expected from the r-process (~ -0.35) and 
the s-process (~ +0.15). Thus, it is necessary to estimate the 
s-process versus the r-process contributions, e.g., through mea- 
surements of Eu for these objects. 

4.4. Summary and concluding remarks 

Our measurements of chemical abundances for six extremely 
metal-poor red giants in the Sextans dwarf spheroidal galaxy 
have revealed that the metallicity distribution of the low metal- 
licity end and a/Fe abundance ratios are significantly different 
from those of the main part of the Galactic halo. These results 
provide a new constraint on the understanding of the formation 
and evolution of this galaxy as well as on the roles of dwarf 
galaxies in the early Galaxy formation. In contrast, the Ba abun- 
dance ratios in these stars show similar scatter to that found in 
field stars. To understand consistently these difference and sim- 
ilarity between this dwarf galaxy and the Galactic halo, further 
observational studies for Sextans and other dwarf galaxies are 
strongly desired. 
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Fig. 1. Observed spectra of the three Sextans objects S 11-37, S12-28, and S 15- 19 for three wavelength ranges (dots). Synthetic 
spectra calculated for the derived Mg, Sc, Fe and Ba abundances (Table|4| are also shown. 
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Fig. 2. Mg abundance ratio ([Mg/Fe]) as a function of iron 
abundance ([Fe/H]). Our Sextans stars are depicted by filled 
circles with er r or bar s, while other Sextans stars studied by 
IShetrone et al. I d200ll) are shown by filled diamonds. Our re- 
sult for the comparison star HD 88609 is plotted by the large 
open circle. The abundances of G alactic halo stars are shown by 
open circles dCayrel et al. 1120041). asterisks (|Honda et alj)2004t 
lAoki et al. 1 1 20051). cross es (Step hens & Boesgaardl l2002f) , and 
small circles dFulbrighfe OOO). while thick and thin disk stars 
studied bv lReddv et al.l d2003l 120061) are shown by plus symbols. 
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Fig. 4. The same as FigfU but for [Na/Fe] (top) and [Na/Mg] 
(bottom). 




Fig. 5. The same as Figf2| bu t for [B a/Fe], The open circles mean 
the results of iFrancois et al.l (120071) here. 



Fig. 3. The same as FigfU but for [Ca/Fe] (top) and [Mg/Ca] 
(bottom). 
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Table 1. Objects and observation details 



Star 


RA(2000) 


Dec(2000) 


Observation 


exposure" 


S/N" 


V H (kms-') 


HJD 


S 10-14 


10 13 34.70 


-02 07 57.9 


Jan 2007 


330(11) 


36 


233.86 + 0.08 


2454126 


S 11-13 


10 11 42.96 


-02 03 50.4 


Jan 2007 


60 (2) 


21 


224.71 ±0.08 


2454128 


S 11-37 


10 13 45.48 


-01 56 16.3 


Jan 2007 


240 (8) 


32 


221.79 + 0.08 


2454128 


S 12-28 


10 11 17.15 


-02 00 24.0 


Jan 2007 


240 (8) 


39 


201.96 + 0.05 


2454126 


S 14-98 


10 13 24.48 


-02 12 03.5 


Jan 2007 


85 (3) 


17 


220.7 + 0.13 


2454128 


S 15-19 


10 11 26.92 


-02 05 41.7 


May 2005 


390 (13) 


46 


226.05 +0.11 


2453511 


HD 88609 


10 14 28.98 


+53 33 39.4 


Jan 2007 


10.5 (4) 


440 


-37.58 ± 0.02 


2454126 


S 10-12 c 


10 13 52.1 


-02 02 55.1 


Jan 2007 


30(1) 


11 




2454126 


S ll-36 c 


10 13 45.5 


-01 56 16.3 


Jan 2007 


240 (8) 


8 




2454126 



* Total exposure time (minutes) and the number of exposures. 
b S/N ratio per 1.8 km s -1 pixel at 5180 A. 

c These stars were observed, but are not included in the present work (see text). 



Table 2. Photometry data and stellar parameters 



Star 


V 


V-I 


K 


E(B - V) 


T eS (V-K) 


T tff (V - 1) 


T e ff (adopted) 


logg 


[Fe/H] 


^micro 












(K) 


(K) 


(K) 






km s -1 


S 10-14 


17.64 


1.08 


15.08 


0.038 


4619 


4700 


4620 


1.2 


-2.7 


2.2 


S 11-13 


17.53 


1.15 


14.71 


0.038 


4399 


4559 


4400 


0.6 


-2.8 


2.4 


S 11-37 


17.96 


1.06 


15.34 


0.038 


4564 


4742 


4560 


1.3 


-2.9 


2.2 


S 12-28 


17.52 


1.08 


14.91 


0.038 


4574 


4700 


4570 


1.4 


-2.8 


2.7 


S 14-98 


18.06 


1.00 


15.61 


0.038 


4725 


4877 


4730 


1.1 


-2.7 


2.8 


S 15-19 


17.54 


1.01 


14.98 


0.038 


4619 


4854 


4620 


1.2 


-3.1 


2.6 


HD 88609 


8.58 


1.12 


6.01 


0.000 


4522 


4517 


4520 


1.1 


-3.0 


2.5 



Table 4. Elemental abundances 



Star 


element 


Fe 


Fe 


Na 


Mg 


Ca 


Sc 


Ti 


Ti 


Cr 


Ni 


Ba 




species 


Fel 


Fell 


Nal 


Mgl 


Cal 


Sc II 


Til 


Till 


CrI 


Nil 


Ball 


Sun 


loge 


7.45 


7.45 


6.17 


7.53 


6.31 


3.05 


4.90 


4.90 


5.64 


6.23 


2.17 


S 10-14 


loge 


4.79 


4.81 


2.79 


4.77 


3.62 




2.43 


2.12 


2.37 




-1.84 




N 


58 


5 


2 


4 


2 




1 


6 


2 




2 




[X/Fe] a 


-2.66 


-2.64 


-0.72 


-0.09 


-0.03 




0.19 


-0.11 


-0.61 




-1.35 




err 


0.21 


0.22 


0.22 


0.15 


0.21 




0.28 


0.19 


0.20 




0.25 


S 11-13 


loge 


4.69 


4.68 


3.28 


4.68 


3.58 


0.14 


1.97 


2.11 


2.22 


3.52 


-1.93 




N 


55 


5 


2 


4 


2 


1 


2 


7 


2 


1 


2 




[X/Fe] a 


-2.76 


-2.77 


-0.13 


-0.08 


0.03 


-0.14 


-0.17 


-0.03 


-0.66 


0.05 


-1.34 




err 


0.21 


0.18 


0.22 


0.14 


0.20 


0.31 


0.19 


0.19 


0.19 


0.27 


0.24 


S 11-37 


loge 


4.61 


4.57 


3.32 


4.67 


3.53 


0.41 


1.80 


2.50 


2.21 


3.58 


-1.79 




N 


50 


6 


2 


4 


2 


1 


1 


4 


2 


2 


2 




[X/Fe] a 


-2.84 


-2.88 


0.00 


-0.02 


0.06 


0.20 


-0.26 


0.44 


-0.59 


0.20 


-1.11 




err 


0.21 


0.23 


0.21 


0.14 


0.20 


0.31 


0.26 


0.20 


0.18 


0.20 


0.23 


S 12-28 


loge 


4.70 


4.68 


3.22 


4.90 


3.70 


0.30 


2.10 


2.12 


2.43 


3.57 


-0.90 




N 


61 


7 


2 


4 


4 


3 


3 


13 


1 


1 


3 




[X/Fe] a 


-2.75 


-2.77 


-0.20 


0.13 


0.14 


0.01 


-0.05 


-0.03 


-0.46 


0.10 


-0.32 




err 


0.21 


0.13 


0.19 


0.12 


0.13 


0.21 


0.13 


0.17 


0.22 


0.23 


0.19 


S 14-98 


loge 


4.78 


4.82 


3.45 


4.78 


3.94 


0.24 


2.54 


2.43 


2.40 




-1.76 




N 


42 


3 


2 


2 


3 


1 


2 


5 


2 




1 




[X/Fe] a 


-2.67 


-2.63 


-0.05 


-0.08 


0.30 


-0.17 


0.31 


0.20 


-0.57 




-1.26 




err 


0.22 


0.25 


0.29 


0.27 


0.23 


0.42 


0.27 


0.23 


0.27 




0.41 


S 15-19 


loge 


4.35 


4.35 


3.25 


4.86 


3.62 


0.23 


2.03 


1.40 


1.98 


3.41 


-0.44 




N 


47 


2 


2 


3 


5 


1 


1 


1 


2 


2 


3 




[X/Fe] a 


-3.10 


-3.10 


0.18 


0.44 


0.41 


0.28 


0.23 


-0.40 


-0.56 


0.28 


0.49 




en- 


0.21 


0.18 


0.19 


0.13 


0.13 


0.27 


0.22 


0.27 


0.15 


0.17 


0.19 


HD 88609 


log £ 


4.53 


4.52 


3.51 


4.98 


3.68 


0.15 


2.09 


2.13 


2.31 


3.23 


-1.72 




N 


65 


8 


2 


5 


5 


3 


6 


14 


2 


2 


4 




[X/Fe] a 


-2.92 


-2.94 


0.27 


0.38 


0.29 


0.03 


0.11 


0.15 


-0.40 


-0.08 


-0.97 




err 


0.21 


0.12 


0.16 


0.08 


0.11 


0.19 


0.08 


0.16 


0.11 


0.13 


0.17 



a [Fe/H] values are given for Fe in these lines. 




[Fe/H] (this work) 

Fig. 6. Comparison of [ Fe/Hl derived by th is work and results 
from by the Ca tripl et by He lmi et alj d2006l) (filled circles) and 
Battaglia et al. (200§|) (open circles). The typical errors are pre- 
sented in the plot. The agreement between the estimates from 
the Ca triplet and from the high resolution spectroscopy is good, 
with the exception of S 15-19 for which a lower [Fe/H] is de- 
rived from our high resolution study. 
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Table 5. Abundance changes by changing stellar parameters 





S(T eff ) 


<S(logg) 


<S([Fe/H]) 


<5(Vmicro) 




+ 150 K 


+0.3 dex 


+0.3 dex 


+0.3 kms" 1 


Fel 


0.19 


-0.04 


0.00 


-0.06 


Fell 


0.02 


0.08 


0.00 


-0.05 


Nal 


0.03 


-0.05 


-0.02 


-0.09 


Mgl 


-0.02 


-0.04 


0.00 


-0.01 


Cal 


-0.07 


0.01 


0.01 


0.04 


Sell 


-0.12 


0.12 


0.00 


0.04 


Til 


0.00 


0.00 


0.01 


0.04 


Till 


-0.12 


0.11 


0.00 


-0.01 


CrI 


0.01 


-0.01 


0.00 


-0.03 


Nil 


-0.05 


0.02 


0.01 


0.06 


Ball 


-0.08 


0.12 


0.00 


0.05 


Table 6. Abundance changes by changing stellar parameters 


Object 


[Fe/H] 




[Fe/H] (Ca triplet) 




(this work) 


Helmi et al. (2006) 


Battaglia et al. (2008)" 


S 10-14 


-2.66 ± 0.21 




-2.62 


-2.77 


S 11-13 


-2.76 ± 0.21 




-2.51 


-2.66 


S 1 1-37 


-2.84 ± 0.21 




-2.66 


-2.81 


S 12-28 


-2.75 ± 0.21 




-2.55 


-2.70 


S 14-98 


-2.67 ± 0.22 




-2.53 


-2.68 


S 15-19 


-3.10 ±0.21 




-2.56 


-2.71 



"Values calculated from the calibration of Battaglia et al. (2008). 
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Table 3. Equivalent widths 
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MA) 


Af(eV) 


log(gf) 


S 10-14 


S 11-13 


S 11-37 


S 12-28 


S 14-98 


S 15-19 


HD088609 


Nal 


5889.95 


0.00 


0.12 


124.6 


158.3 


153.0 


168.6 


165.0 


153.6 


179.4 


Nal 


5895.92 


0.00 


-0.18 


90.7 


149.4 


137.3 


142.2 


149.9 


137.6 


156.9 


Mgl 


4571.10 


0.00 


-5.39 


52.7 


62.3 


61.1 


79.9 






81.1 


Mgl 


4702.99 


4.33 


-0.38 














63.6 


Mgl 


5172.68 


2.71 


-0.45 


163.1 


175.4 


158.7 


190.9 


152.8 


184.1 


195.5 


Mgl 


5183.60 


2.72 


-0.24 


175.1 


182.3 


164.9 


229.6 


201.9 


190.4 


223.2 


Mgl 


5528.40 


4.35 


-0.34 


54.4 


52.7 


56.2 


67.3 


55.7 


55.4 


69.2 


Cal 


5588.75 


2.53 


0.20 








51.8 




45.0 


43.3 


Cal 


6102.72 


1.88 


-0.79 










55.1 


27.1 


31.2 


Cal 


6122.22 


1.89 


-0.31 


44.4 


60.7 


47.6 


51.4 


58.8 


40.7 


60.0 


Cal 


6162.17 


1.90 


-0.09 


66.8 


65.9 


60.2 


79.1 


75.8 


73.8 


73.9 


Cal 


6462.57 


2.52 


0.31 








52.2 




32.5 


50.6 


Til 


4981.73 


0.85 


0.56 






37.1 


57.4 


81.0 


47.8 


52.9 


Til 


4991.06 


0.84 


0.44 








45.8 






49.2 


Til 


5007.21 


0.82 


0.17 


48.4 


35.0 




41.9 


44.2 




41.7 


Til 


5192.97 


0.02 


-0.95 




30.5 










31.9 


CrI 


5206.04 


0.94 


0.02 


62.6 


81.4 


73.5 


92.8 


78.9 


56.5 


76.5 


CrI 


5208.42 


0.94 


0.16 


97.2 


91.8 


79.9 


104.4 


90.1 


66.8 


102.5 


Mnl 


4823.50 


2.32 


0.14 








28.1 






15.7 


Fel 


4871.32 


2.87 


-0.36 


64.7 




50.6 


79.8 


128.2 


50.0 


66.1 


Fel 


4872.14 


2.88 


-0.57 


60.8 






73.1 




45.9 


55.9 


Fel 


4890.75 


2.88 


-0.39 


67.8 


80.1 


74.8 


95.2 




42.2 




Fel 


4891.49 


2.85 


-0.11 


82.7 




60.8 


95.0 






80.9 


Fel 


4903.31 


2.88 


-1.08 














38.8 


Fel 


4918.99 


2.85 


-0.34 


72.6 


88.3 


76.0 


82.0 


82.2 


61.3 


69.8 


Fel 


4920.50 


2.83 


0.07 


106.1 


114.3 


92.7 


98.1 


89.7 


79.5 


92.2 


Fel 


4938.81 


2.88 


-1.08 








47.9 






32.5 


Fel 


4939.69 


0.86 


-3.25 


56.8 






78.1 


78.5 




63.2 


Fel 


4957.60 


2.81 


0.23 




106.1 






105.6 


85.0 


112.4 


Fel 


4994.13 


0.92 


-3.08 






72.5 








74.8 


Fel 


5006.12 


2.83 


-0.64 


48.8 


52.7 


65.6 




68.3 


46.5 


57.6 


Fel 


5012.07 


0.86 


-2.64 


84.5 


112.2 


104.3 


132.2 


105.2 


86.9 


105.1 


Fel 


5041.76 


1.49 


-2.20 


68.3 


71.2 


79.0 


104.1 


86.8 


53.2 


83.4 


Fel 


5049.82 


2.28 


-1.42 


72.6 


69.1 


66.9 


73.5 


75.8 


41.4 


62.6 


Fel 


5051.63 


0.92 


-2.80 


92.7 


102.9 


101.2 


110.0 


70.6 




93.9 


Fel 


5068.77 


2.94 


-1.23 




48.4 


46.8 


28.0 






29.0 


Fel 


5079.22 


2.20 


-2.07 


42.0 






54.0 






33.8 


Fel 


5079.74 


0.99 


-3.22 


74.1 


97.6 




85.2 




41.8 


59.5 


Fel 


5083.34 


0.96 


-2.96 


77.2 


106.6 


80.6 


90.1 




61.1 


79.0 


Fel 


5123.72 


1.01 


-3.07 


75.3 


86.1 




77.9 




37.6 


70.6 


Fel 


5125.12 


4.22 


-0.14 


25.6 














Fel 


5127.36 


0.92 


-3.31 




74.3 


71.2 


79.4 


75.8 


42.8 


62.4 


Fel 


5133.69 


4.18 


0.14 


34.8 












23.0 


Fel 


5142.93 


0.96 


-3.08 


87.0 


91.4 


76.1 


79.3 


79.8 


48.8 


69.8 


Fel 


5150.84 


0.99 


-3.07 


68.2 


64.0 


46.3 


75.0 




45.9 




Fel 


5151.91 


1.01 


-3.32 


57.0 


73.2 


58.7 


64.5 




41.3 


52.3 


Fel 


5162.27 


4.18 


0.02 








30.1 






19.0 


Fel 


5166.28 


0.00 


-4.20 


92.0 


80.2 


77.0 


110.2 


83.5 


73.7 


86.4 


Fel 


5171.60 


1.49 


-1.79 


94.5 


121.2 


90.0 


106.6 


89.0 


91.3 


104.3 


Fel 


5191.46 


3.04 


-0.55 


63.7 


59.5 


63.3 


54.7 


44.0 




47.9 


Fel 


5192.34 


3.00 


-0.42 


60.3 


70.0 


61.3 


62.3 






56.3 


Fel 


5194.94 


1.56 


-2.09 


84.2 


95.7 


73.1 




72.1 


52.4 


83.1 


Fel 


5198.71 


2.22 


-2.13 








50.3 






25.9 


Fel 


5202.34 


2.18 


-1.84 


79.2 


86.0 




57.0 


104.4 




47.0 


Fel 


5216.27 


1.61 


-2.15 


79.9 


99.3 


69.1 


83.4 


65.3 


49.2 


74.3 


Fel 


5225.53 


0.11 


-4.79 


47.0 


67.0 




42.1 


61.0 






Fel 


5232.94 


2.94 


-0.06 


84.9 


88.2 


96.1 


85.5 


60.7 


58.0 


81.8 


Fel 


5250.65 


2.20 


-2.05 


38.0 


65.1 




47.1 




28.5 


31.1 


Fel 


5266.56 


3.00 


-0.39 


76.0 


81.8 


76.4 






32.7 


60.6 


Fel 


5269.54 


0.86 


-1.32 


174.5 


156.3 


149.2 


180.1 




148.4 





14 W. Aoki et al.: Chemical Composition of Extremely Metal-Poor Stars in the Sextans Dwarf Spheroidal Galaxy. 

Table 3. continued. 





o 

A(A) 


#(eV) 


log(gf) 


S 10-14 


S 11-13 


S 11-37 


S 12-28 


S 14-98 


S 15-19 


HD088609 


Fel 


5270.36 


1.61 


-1.51 


113.7 


129.1 


109.2 


141.6 




108.3 


133.6 


Fe I 


5281.79 


3.04 


-1.02 




48.8 




50.4 






34.0 


Fel 


5324.18 


3.21 


-0.24 


80.8 


80.3 


66.9 


77.3 




53.7 


60.4 


Fe I 


5328.04 


0.92 


-1.47 


138.7 


175.0 


132.1 


160.6 


122.3 


159.4 


158.7 


Fel 


5328.53 


1.56 


-1.85 


109.0 


124.8 


101.6 


98.7 


100.7 


78.8 


100.2 


Fe I 


5332.90 


1.56 


-2.94 


61.3 


67.1 


45.4 


43.1 


36.1 




35.5 


Fe I 


5339.93 


3.27 


-0.68 




49.3 




37.8 


67.8 


26.0 




Fel 


5341.02 


1.61 


-2.06 


98.8 


106.5 


75.3 


105.5 


103.3 


81.6 


89.4 


Fel 


5371.49 


0.96 


-1.64 




170.5 


137.5 


154.9 


154.7 


120.5 


147.8 


Fel 


5397.13 


0.92 


-1.99 


138.6 


140.0 


99.3 


164.3 


127.6 


125.3 


134.8 


Fel 


5405.77 


0.99 


-1.84 


92.8 


157.5 




156.0 


120.0 


117.4 


137.2 


Fe I 


5429.70 


0.96 


-1.88 


127.2 


141.9 


123.6 


141.6 


153.4 


107.8 


140.3 


Fe I 


5434.52 


1.01 


-2.12 


98.8 


131.6 


97.7 


134.6 


133.6 


103.8 


123.5 


Fe I 


5446.92 


0.99 


-1.93 


127.1 


145.6 


131.6 




129.1 


114.5 




Fel 


5455.61 


1.01 


-2.09 


145.9 


160.8 


134.2 


150.6 


154.3 


122.2 


138.4 


Fe I 


5497.52 


1.01 


-2.85 


88.7 


106.4 


87.1 


100.2 


104.5 


70.8 


86.3 


Fel 


5501.46 


0.96 


-2.95 


86.8 


94.8 


95.8 


85.6 


56.5 


58.2 


79.8 


Fe I 


5506.78 


0.99 


-2.80 


95.0 


117.2 


94.9 


106.4 


97.7 


82.3 


92.5 


Fel 


5569.62 


3.42 


-0.54 








34.0 




29.5 


26.9 


Fel 


5572.84 


3.40 


-0.31 




36.2 






40.1 




38.4 


Fe I 


5586.76 


3.37 


-0.14 


58.9 


71.3 


47.3 


57.9 


57.5 




50.0 


Fel 


5615.64 


3.33 


-0.14 


64.0 


66.6 


55.8 


71.8 


42.9 


55.0 


60.9 


Fel 


6136.62 


2.45 


-1.40 


59.1 


61.7 


60.2 






37.9 


53.4 


Fe I 


6137.69 


2.59 


-1.40 


50.1 


71.8 


50.4 


62.4 


57.7 


20.3 


44.1 


Fe I 


6191.56 


2.43 


-1.60 


70.5 


55.6 


53.2 


61.1 


62.9 


35.1 


51.2 


Fel 


6230.72 


2.56 


-1.28 








75.7 






55.4 


Fe I 


6335.33 


2.20 


-2.23 


37.5 


54.2 


28.0 


45.3 


32.5 




29.0 


Fel 


6393.60 


2.43 


-1.62 


47.3 




50.6 


60.7 


50.5 




48.0 


Fel 


6421.35 


2.28 


-2.03 


39.9 






32.2 






35.2 


Fe I 


6430.85 


2.18 


-2.01 


64.5 




54.2 


42.2 




31.0 


45.5 


Fe I 


6677.99 


2.69 


-1.47 


55.7 


69.1 


38.3 


49.7 






37.9 


Ni I 


4714.41 


3.38 


0.26 






48.8 








20.9 


Nil 


5137.07 


1.68 


-1.99 








32.9 






21.1 


Nil 


5476.90 


1.83 


-0.89 




95.3 


78.6 










Sc II 


4415.56 


0.60 


-0.67 








68.5 




70.2 


63.7 


Sc II 


5031.02 


1.36 


-0.40 








32.6 






31.5 


Sc II 


5526.79 


1.77 


0.02 




35.7 


35.9 


35.9 


27.9 




31.4 


Ti II 


4443.79 


1.08 


-0.72 


102.0 


101.4 


138.6 


99.8 






110.8 


Ti II 


4444.55 


1.12 


-2.24 






61.0 


26.7 






40.2 


Ti II 


4450.48 


1.08 


-1.50 




123.5 


102.2 


67.2 






84.0 


Ti II 


4468.51 


1.13 


-0.60 


91.7 


144.5 




96.6 






111.0 


Ti II 


4501.27 


1.12 


-0.77 




76.4 




85.2 


128.9 


73.1 


113.2 


Ti II 


4563.76 


1.22 


-0.69 




114.2 


82.8 


113.2 


94.7 




112.6 


Ti II 


4571.97 


1.57 


-0.32 








88.7 






98.6 


Ti II 


4589.96 


1.24 


-1.62 


50.2 






80.8 






66.5 


Ti II 


4657.20 


1.24 


-2.24 








50.3 






31.2 


Ti II 


4805.08 


2.06 


-0.96 


46.9 


40.2 










39.4 


Ti II 


5154.07 


1.57 


-1.78 




50.5 




40.9 


45.3 




37.0 


Ti II 


5185.91 


1.88 


-1.37 








37.7 


66.2 




30.0 


Ti II 


5226.54 


1.57 


-1.23 


62.0 






76.9 






62.4 


Ti II 


5336.79 


1.58 


-1.59 


40.9 






43.7 


87.2 




44.5 


Fell 


4508.29 


2.86 


-2.31 








47.3 






41.0 


Fe II 


4583.84 


2.81 


-1.74 




103.8 




75.1 






71.8 


Fe II 


4923.93 


2.89 


-1.21 


76.3 


111.3 


73.2 


97.2 


106.3 


82.5 


97.4 


re 11 


CA1 Q A O 


1 CO 


1 11 

-Y.Li 






oj.U 








lU/.o 


Fell 


5197.58 


3.23 


-2.35 


56.9 




43.2 


41.9 


66.2 




27.9 


Fell 


5234.63 


3.22 


-2.15 


51.5 


43.2 


37.0 


37.2 




23.1 


33.0 


Fell 


5275.99 


3.20 


-2.13 


46.3 


50.3 


55.3 


61.5 




23.1 


39.8 


Fell 


5316.62 


3.15 


-2.02 


68.2 


63.5 


58.5 


56.2 


72.1 


53.6 


65.3 


Ball 


4934.08 


0.00 


-0.15 


50.7 


89.0 


86.5 


158.3 


90.3 


177.9 


85.7 


Ball 


5853.69 


0.60 


-0.91 








39.1 




69.8 


8.1 
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Table 3. continued. 



A(A) 


AT(eV) 


log(gf) 


S 10-14 


S 11-13 


S 11-37 


S 12-28 


S 14-98 


S 15-19 


HD088609 


Ball 6141.73 


0.70 


-0.08 


42.5 


45.3 


27.9 


83.3 


25.5 


119.8 


38.9 



